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Abstract 
It is meanwhile established that the “classical” fatigue limit in the Wöhler-SN-plot at approximately 107 cycles is not generally 
valid for the design of components subjected to loading in the VHCF-regime. Fatigue failure of metallic materials might occur 
even at stress amplitudes below the “classical” fatigue limit in the VHCF regime. However, the principal understanding of the 
relevant damage mechanisms and of the influence of the microstructure on the fatigue lives in this regime is rather poor. It is also 
established to distinguish between single-phase and inclusion free (type I) materials and multiphase (type II) materials when 
discussing the VHCF-fatigue behaviour. For type II materials the fatigue cracks in the VHCF regime mainly originate at non-
metallic inclusions located in the interior, the so-called fish-eye fracture, often reported for high strength steels and other alloys. 
However, crack initiation in the interior without forming typical fish eye type fracture and without any clear influence of 
inclusions were also reported for aluminium alloys. The reasons for the formation of these so-called “featureless crack initiation 
sites” are unclear. On the other hand, in single phase type I materials crack initiation in the VHCF-regime start from the surface 
of the specimen, triggered by repeated, not fully reversible plastic deformation in the grains adjacent to the surface. Due to the
not fully reversible and localized plastic deformation surface roughening takes place and micro-persistent slip bands (PSB) form. 
In order to identify relevant deformation- and damage mechanisms commercial pure (CP) aluminium AA1050 and the aluminium 
alloy AA6082 were investigated in the very high cycle fatigue (VHCF) regime up to 1u1010 cycles. The evolution of surface 
roughening was investigated with light, scanning electron and atomic force microscopy. It is shown, that the grain size, ranging
from the micrometer to the nanometer range significantly affects the VHCF-behaviour. For CP Al with a grain size of ca. 55 µm 
no late failure was obtained, whereas for the same material with an ultrafine grain size of ca. 600 nm a stepwise SN-curve was 
found. In the case of the precipitation hardened material AA6082 it is found that the local mechanical properties of the matrix
significantly governs the crack initiation site and hence the VHCF-behaviour.  
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1. Introduction 
Based on observations made for many different metallic materials it has been surely established that fatigue 
failure of metallic materials occurs after more than 107 cycles in the very high cycle fatigue (VHCF) regime at stress 
amplitudes (far) below the “classical” fatigue limit, compare for example the various contributions to the VHCF 
conference series [1,2,3,4]. Although the first investigations on metal fatigue in the VHCF-regime were performed 
almost 30 years ago [5,6,7,8] a broad interest on this subject aroused mainly during the last decade 
[9,10,11,12,13,14,15], reflecting also an increasing technological importance of that field. However, a detailed and 
mechanism-based understanding of the materials behaviour leading to late failure in the VHCF-regime is still 
missing.  
When discussing the VHCF-fatigue behaviour it has to be distinguished between single-phase and inclusion free 
(type I) materials and multiphase (type II) materials, see [16,17,18]. For classical type II materials, like high 
strength steels, aluminium, titanium and also magnesium alloys, see for example [19,20,21,22] the fatigue cracks in 
the VHCF regime mainly originate at non-metallic inclusions located in the interior, resulting in a so-called fish-eye 
fracture [5,19,23,24,25]. On the other hand, so-called “featureless crack initiation” in the interior without forming 
typical fish eye type fracture and without any clear influence of inclusions were reported for aluminium alloys [26]. 
The reasons for this behaviour are not yet clear. In this context Davidson [27] introduced the term “supergrains“, 
meaning that the microplastic deformation is most concentrated in the largest grains. On the other hand, Knobbe et 
al. [28] showed for a duplex steel that the influence on the neighbouring phases or grains play also a dominating 
role for local crack formation and propagation.  
For single phase type I materials it was proposed by Mughrabi [12,16] that failure in the VHCF regime starts at 
the surface due to not fully reversible plastic deformation of grains adjacent to the surface. Further cycling in the 
VCHF-regime leads to the onset of surface roughening and localized plastic deformation acts as a nucleus for the 
formation of a micro-persistent slip band (PSB). Weidner et al. [29] clearly showed the existence of micro-PSB for 
copper after fatigue loading in the VHCF-regime. In this context it has to be pointed out that there are no 
possibilities to form a pronounced (macro) PSB structure at very low stress amplitudes below the PSB threshold. 
Moreover, the stress amplitudes for crack propagation might be higher than the PSB threshold [30,31].  
Regarding the fatigue lives in a S-N diagram type II materials exhibit a multistage fatigue life diagram, where the 
a drop of the ‘classical’ fatigue limit after more than 107 cycles can be related to late failure at inclusions and other 
singularities in the microstructure, compare [16,17,32]. Fore type I materials a multistage fatigue life diagram has 
not necessarily to be obtained. On the one hand crack initiation is a consequence of very localized none fully 
reversal plastic deformation of grains adjacent to the surface. On the other hand, for crack propagation the (locally) 
acting stress amplitudes have to be high enough. Consequently, localized plastic deformation indicated by the 
evolution of a pronounced (and localized) surface roughening during cycling in the VHCF-regime might be detected 
although the specimen will not fail as the applied stresses are to small for crack propagation, compare [33,34].  
In this context, the influence of the grain size on the VHCF-behaviour needs to be discussed. It is well known, 
that for wavy slip materials, like Cu and Al, the grain size varied between some ten and several hundred 
micrometers does not influence the fatigue properties in the High Cycle Fatigue (HCF)-regime, whereas, for planar 
slip materials like D-brass, the fatigue lives are increased with decreasing the grain size [35]. Regarding 
nanocrystalline or ultrafine-grained (UFG) materials a pronounced influence of the grain size on the fatigue lives in 
the HCF-regime is reported even for wavy slip materials [36,37,38,39,40]. Moreover, related to the work of Lukàš 
et al. [41,42,43] on copper and to the work of some of the authors [33,34] on aluminum it was clearly shown that 
the grain size significantly affects the fatigue lives even in the VCHF-regime. For both materials it is evident that an 
UFG microstructure leads to a significantly enhancement in the “classical” fatigue limit.  
Although research on the fatigue behaviour in the VHCF-regime is increasing, the dominating fatigue 
mechanisms are still unclear and need to be investigated in more detail. Hence, the current work focus on the 
relevant deformation processes and damage mechanisms in the VHCF-regime. In order to understand the influence 
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of different microstructural conditions on the VHCF-behaviour AA1050 as a typical representative of a type I 
material and AA6082 as a representative for a type II material were selected and subjected to a very detailed testing 
program.  
2. Experimental 
In this investigation commercial purity (CP) aluminium of 99.5% purity (AA1050) and the alloy AA6082 were 
used. The chemical compositions are given in Table 1.
Table 1: Chemical compositions of the investigated materials. 
Element 
mass % 
Si Mg Mn Fe  Cu  Cr Ni Zn  Pb 
AA1050 0.175 0.040 - 0.239 - - - 0.060 0.044 
AA6082 0.72 0.67 0.49 0.35 0.05 0.15 0.004 0.012 -
The alloy AA1050 in the CG condition was used in a recrystallized state and has a globular grain structure with 
an average grain size of 55 Pm, see [33]. Rods of 12 mm in diameter and 100 mm length were subjected to equal 
channel angular pressing (ECAP) to obtain an ultrafine-grained microstructure. ECAP was performed using a die-set 
with channels intersecting at 90q by route Bc at room temperature. For details on the ECAP-process the reader is 
referred to [44,45]. After 8 ECAP passes a microstructure with a grain size of 350 nm was obtained, as reported in 
[33,34]. Cylindrical fatigue samples 5 mm in diameter and of 80 mm length were cut out from the central parts of 
the ECAP-rods.  
The AA6082 material was used in three different annealing conditions. The details of the heat treatment are given 
in Table 2. 
Table 2: Details of heat treatments of AA6082. 
Solution treatment annealing 
Temp. in °C Time in h denoted as Temp. in °C Time in h 
530 1 Peak-aged 140 72 (3d) 
530 1 Overaged 400 4
Before cyclic deformation the gauge length of the samples was mechanically and electrolytically polished in 
order to obtain a high quality surface for subsequent structural observations. A Roell Amsler vibrophore system 
HFP 5100 was used for all fatigue tests up to 109. By optimizing the setup of the fatigue machine a frequency of 
about 130 Hz was reached. The cyclic deformation tests were performed under stress control using a stress ratio of  
R = -1. The tests were interrupted at certain number of cycles in order to investigate the roughness evolution of the 
surface. These investigations before testing and after interruptions were conducted by means of optical microscopy 
(OM), scanning electron microscopy (SEM) and atomic force microscopy (AFM). The evolution of the surface 
relief was estimated by surface roughness analysis using the atomic force microscope and a program generated 
specially for these purposes. Additional fatigue tests up to 1010 cycles were performed in close cooperation with the 
group of Prof. H.J. Christ and Dr. M. Zimmermann using an ultrasonic fatigue test rig at the University of Siegen. 
Microstructural investigations were performed by scanning electron microscopy (SEM, Zeiss ESB Crossbeam) 
using electron-channelling-contrast (ECC) and focused ion beam technique (FIB), and additionally by using 
standard methods of transmission electron microscopy (TEM, Philips CM 200). 
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3. Results
3.1. Fatigue behaviour of the type I material AA1050 in the VHCF-regime 
Fig. 1 shows a clear influence of the grain size on the fatigue lives of AA1050. For the CG condition a two-step 
S-N diagram is obtained, whereas for the UFG condition a multistage fatigue-life curve is visible.  
Fig. 1: S-N-diagram of AA1050 for conventional grain size (CG) and ultrafine-grained (UFG) AA1050, [34].
For the CG condition fatigue loading at a stress amplitude of 28 MPa just below the classical fatigue limit at 30 
MPa does not lead to any failure up to 1010 cycles. For UFG AA1050 the “classical fatigue limit” was found to be at 
a stress amplitude of 75 MPa. Although there are only few data points in that regime, the scatter of the data is rather 
small and fit very well to the fatigue-life curve plotted. Cycling of UFG AA1050 at stress amplitudes below the 
classical fatigue limit leads to late failure down to stress amplitudes of 50 MPa, tested so far. For stress amplitudes 
of 28 MPa as well as 13 MPa no fatigue failure was detected up to 1010 or 109 cycles, respectively. It is also worth to 
point out, that all tests up to 109 cycles were performed at moderate frequencies of about 130 Hz in a vibrophore 
system. Hence frequency or temperature effects, usually to be considered in ultrasonic fatigue, can be neglected.  
Although the CG specimens fatigued at stress amplitudes of 28 MPa as well as 13 MPa didn’t show any failure, 
irreversible plastic deformation can be detected by a pronounced increase of surface roughening. For the CG 
condition fatigued at 28 MPa, Figs. 2a-c, surface roughening evolutes during cycling and becomes very pronounced 
after 5u108 cycles. Even at the smallest stress amplitude of 13 MPa surface roughening and cyclic slip markings are 
clearly visible after 5u108 cycles, Fig. 2d. Comparing the UFG condition, Figs. 2e,f, surface roughening is strongly 
diminished. The evolution of the surface roughness was quantified by applying AFM technique, Fig. 3. For the CG 
AA1050 specimens surface roughening is significantly higher than for the UFG conditions. For both CG and UFG 
conditions surface roughening increases with increasing stress amplitudes. It becomes also apparent for the fatigue 
tests performed on UFG AA1050 at small stress amplitudes of 28 MPa and 50 MPa that the onset of pronounced 
surface roughening occurs after more than 5u107 cycles. These findings are in good agreement with the qualitative 
analysis of the surfaces during the interrupted fatigue tests. Due to the different scaling for the CG condition, the 
increase in surface roughening for the tests performed at a stress amplitude of 28 MPa is not clearly visible. In this 
context it has also to be mentioned that due to the limitation of the cantilever of the AFM surface roughening 
couldn’t be determined at areas with extremely high roughening. Hence, the large scatter and also some 
discontinuity of the data might be related to these limitations.  
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Fig.2: Evolution of surface roughness: a)-d) CG AA1050 fatigued at a stress amplitude of 28 MPa after a) 5u106 cycles, b) 5u107 cycles and 
c) 5u108 cycles and d) fatigued at a stress amplitude of 13 MPa after 5u108 cycles. e)-f): UFG AA1050 after 5u108 cycles fatigued at e) 13 
MPa or f) 28 MPa, respectively.  
 
CG AA1050; 5·106 cycles, 28 MPa
200 µm
CG AA1050; 5·107 cycles , 28 MPa
200 µm
CG AA1050; 5·108 cycles , 28 MPa
200 µma) b) c)
CG AA1050; 5·108 cycles, 13 MPa
200 µm
UFG AA1050; 5·108 cycles, 13 MPa
200 µm 200 µm
UFG AA1050; 5·108 cycles, 28 MPa
d) e) f)
a)
b)
Fig. 3: Evolution of surface roughness Ra with number of cycles fatigued at different stress amplitudes of a) CG AA1050 and b) UFG AA1050. 
Please mind the different Y-scales.  
 
When regarding failure mechanisms FIB-technique is a very valuable tool to get a more detailed insight into the 
material. For CG AA1050 a slight change in the stress amplitude from the classical fatigue limit of 30 MPa down to 
28 MPa leads to a strong difference in failure processes. Fig. 4a shows a FIB cross section performed at a slip 
marking after 5u105 cycles at a stress amplitude of 28 MPa. Although the slip marking is pronounced, no intrusion 
or micro-crack is found below the surface. On the other hand, for a stress amplitude of 30 MPa after 1.285 u106
cycles micro-crack formation took place, Figs. 4b,c. These different findings were made for many slip steps 
investigated. For the UFG AA1050 material, the failure mechanisms change. For a specimen fatigued at a stress 
amplitude of 55 MPa, far below the “classical” fatigue limit of UFG AA1050, the formation of voids below 
extrusions at the surface was revealed, see Fig. 5. These findings were made also for other specimens fatigued at 50 
MPa or 60 MPa, respectively. At the current state of investigations no statement can be made about the dependence 
of the intensity of voiding with stress amplitude. Moreover, the mechanisms for void formation are not clear yet. On 
the one hand, the voids can be introduced prior to the fatigue exposure by ECAP processing. On the other hand, it is 
number of cycles number of cycles 
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shown by Zehetbauer et al. [46] that ECAP processing leads to a strong increase of the vacancy concentration in the 
material. Potentially, condensation of vacancies in the vicinity of extrusions/intrusions can be triggered by cyclic 
microplastic deformation.  
4 µm 1 µm2 µma) b) c)
Fig. 4: FIB-cross sections at cyclic slip markings in CG AA1050 fatigued at a)28 MPa for 5u105 cycles, b) 30 MPa for 1.258 u 106 cycles; c) 
formation of an intrusion/micro-crack, detail to b). 
4 µm4 µm b)a) 4 µmc)
pores
Fig. 5: a) Analysis of an extrusions in UFG AA1050 fatigued at stress amplitudes 55 MPa after 5.124u108 cycles; b) void formation below 
extrusion detected by FIB cross section of site marked in a); c) more pronounced voids formed during cycling at 60 MPa until 8.1u107 cycles, 
FIB cross section.  
3.2. Fatigue behaviour of the type II material AA6082 in the VHCF-regime 
Turning to the AA6082 type II material, different precipitation states were introduced by appropriate heat 
treatments. For all conditions a grain size of about 9 µm was determined. Hence any influence of the grain size on 
the fatigue behaviour can be excluded. The microstructures differ mainly in the precipitation morphology, see [34]
for details. A globular and an ellipsoidal population of precipitations were found in the material. With changing the 
heat treatment the ellipsoidal precipitates grow whereas the globular ones remain unchanged in size. The mechanical 
properties determined in tensile tests vary significantly related to the different microstructures, as shown in Table 3.
Compared to the as-received condition, the peak-aged specimen exhibits an increased yield strength (YS) and 
ultimate tensile strength (UTS). On the other hand, the overaged condition is significantly softer but much more 
ductile than both counterparts. In order to determine the local mechanical properties of the matrix nanoindentation 
tests were performed, see Table 3. These tests revealed that the matrix of the peak-aged condition is significantly 
softer than the matrix of the as-received condition.  
Table 3: Local hardness of matrix for AA6082 and results of tensile tests for different conditions. 
as-received peak-aged overaged 
Matrix hardness   
mean value / GPa 
1.75 0.86 0.51 
YS / MPa 302.7 373.3 65.4 
UTS / MPa 320.2 392.2 134.1 
Elongation to failure / % 8.6 9.4 18.1 
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Although there are only few fatigue experiments performed for the moment, it can be stated that fatigue 
behaviour is strongly affected by the heat treatment, see Fig. 6. In particular, the local mechanical properties of the 
matrix seem to have a dominating influence on the crack initiation sites. For the as-received condition fatigued at 
120 MPa the crack started in the interior of the specimen at a “featureless” site, Fig. 7a),b). The crack path was 
oriented 90° with respect to the stress axis. Detailed analysis of this particular crack initiation site on both fractured 
parts of the specimen by using FIB-technique as well as EBSD-analysis revealed that no supergrain or any hidden 
defect or inclusion below this area were detectable. Featureless crack initiation for AA6082 is also reported by 
Berger et al. [22]. On the other hand for the peak-aged condition, the crack started at the surface of the specimen 
running in 45° to the stress axis, see [34] for details, and cyclic slip markings were visible at the surface near the 
crack. For the overaged condition at significantly reduced stress amplitudes of 100 MPa and 80 MPa respectively, 
crack initiation takes place at the surface again and the crack path is again oriented in 45° to the stress axis.  
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Fig. 7: Featureless crack initiation site in the interior of AA6082 fatigued at 120 MPa; a) overview, b) detail to a): no inclusion is visible. 
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4. Discussion
The obtained fatigue behaviour for AA6082 type II material in the as-received and the overaged condition clearly 
show that due to the different microstructures the crack initiation sites can be shifted from the interior to the surface. 
Moreover the crack propagation paths differ strongly, showing that crack propagation in the as-received condition is 
driven by the normal stresses while for the peak-aged condition (and also the overaged condition) the crack 
propagation is dominated by the shear stresses and hence by dislocation motion. Referring to the results from the 
tensile tests, Table 3, the results appear to be contradictory. Although the peak-aged condition exhibits the highest 
UTS and YS, the crack initiation site as well as the crack path is similar to the weakest overaged condition. On the 
other hand, the as-received condition shows strongly different crack initiation sites and propagation paths. Hence, it 
can be concluded that obviously the yield strength (or UTS) does not govern the crack initiation sites as well as the 
crack paths. In fact, it appears that the local mechanical properties of the matrix govern the fatigue behaviour in the 
VHCF-regime. The as-received condition exhibits the highest hardness for the matrix, as solid solution hardening 
contributes to a higher local hardness of the matrix. On the other hand, the size of the precipitates is still below the 
optimal size for the (global) deformation resistance. For the peak-aged condition, the matrix becomes softer as solid 
solution hardening is reduced and precipitation hardening is increased. Hence, in the tensile test a lower yield 
strength is measured compared to the peak-aged condition, while the local hardness of the matrix is higher. For the 
peak-aged condition the situation is opposite. As the matrix of the peak-aged condition is softer by approximately  
50 % compared to the as-received condition localized plastic deformation will take place much more easily. 
Although the plastic strain amplitudes are generally very low in the VHCF-regime, they are higher for the material 
with the softer matrix and hence irreversible cyclic slip will take place more effectively, leading to failure starting at 
the surface of the material. On the other hand, localization of deformation takes also place in the vicinity of stress 
raisers in the interior of the material, like microstructural inhomogenities (inclusions, precipitates, supergrains, …) 
or disadvantageous crystallographic arrangements. Consequently, repeated cyclic deformation can lead to 
irreversible microplastic deformation in the vicinity of the stress raiser and hence the nucleus for the formation of a 
microcrack is formed.  
The above described scenario also holds to explain the obtained behaviour of AA1050 type I material. Although 
the monotonic strength of the two different materials (CG and UFG) differ by a factor of more than two, UFG 
AA1050 always show the crack initiation at the surface due to missing stress raisers in the interior. With decreasing 
stress amplitudes the irreversible plastic slip becomes more localized to particular grains at the surface. Besides the 
crack initiation by localization of irreversible plastic deformation the requirements for crack propagation have to be 
to be considered when discussing late fatigue failure.  
5. Summary and conclusions 
Within this work, the influence of grain size and precipitation states on the very high cycle fatigue behaviour of  
AA1050 and AA6082 as representatives for type I and type II materials were investigated. It is shown for the 
AA1050 type I material that the grain size significantly influences the shape of the fatigue life diagram. For the 
ultrafine-grained (UFG) condition a multistage S-N diagram was obtained while for the conventional grain size 
(CG) condition, a two step diagram is obtained. Pronounced cyclic slip markings and the formation of extrusions 
were obtained even at very low stress amplitudes. Related surface roughening was found to be strongly dependent 
on the grain size of the material. The UFG condition show significantly reduced surface roughening compared to the 
CG counterpart. For the AA6082 type II material a dominating influence of the precipitation state and related to that 
of the local mechanical properties of the matrix was found. Crack initiation sites as well as crack propagation paths 
are governed by the local mechanical properties of the matrix.  
Although a clear description of the processes responsible in the VHCF-regime is drawn, many detailed questions 
remain open. In particular the influence of local microstructural inhomogenities and variations, the influence of the 
morphologies of second phases and the influence of the crystallography of neighbouring grains are of strong 
interest.  
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